of PVC plastisols. The zero shear viscosity of a suspension can indeed be described by the Krieger-Dougherty equation: (1) where F is the volume solid fraction,h s the solvent viscosity [h] 0 the intrinsic viscosity and F m the maximal volume concentration of solid particles. F m is called packing parameter and represents the solid volume fraction which corresponds to the maximal volume of solid particles which can be placed in a given volume of fluid.
(2)
Note that the reduced zero shear viscosity h 0r = h 0 /h s is generally used in the literature. The example of bimodal suspensions was widely investigated by the past. All the theories are in agreement on the fact that, for concentrated suspensions (F > 20 -40 %), the particle size distribution (PSD) influences strongly the viscosity. For the same volume fraction, the viscosity of bimodal suspensions is indeed lower than for monomodal ones [2] . This phenomenon seems to be driven by the packing parameter F m which increases for a bimodal population. Besides, the impact of the PSD on the decrease of the viscosity is more pronounced when the volume concentration F is close to F m . In prior works, it appears that it exists a parameter F s (volume percentage of small particles in the total solid blend) and d, aspect number (diameter ratio between small and large particles) for which the packing parameter is maximal and consequently the viscosity is minimal. The random packing parameter, that means without any particular arrangement is equal to 63.7 % for a mixture of spherical particles of same size.
With regard to this value, Greenwood [4] calculates a theoretical parameter F s equal to 27 %. However this computation is only available if diameter ratio is considered to be infinite. In practice, Chong et al. [5] shows that the optimal F s is equal to 25 % for F = 60 % and d = 0.138. Same results were achieved by Hunt [6] on the one 
hand, who focused on polystyrene lattices with 30 % < F < 60 % and 0.19 < d < 0.84 and Sweeny [7] , on the other hand, who worked with parameters F and d equal to 55 % and 0.048 respectively.
Kemmere [8] decided to work with a volume fraction F = 44 % and d = 0.35. He concluded at that time that optimal F s equals 35%. Polinski [9] who dealt with beads of glass in polybutene (newtonian liquid at room temperature) for F =60% and d =0. 19 , admited in any case that F s must be between 10 and 30 %. The well-known paper of Farris [10] proved that when F is higher than 60%, a minimal viscosity can be reached for a volume fraction of small particles F s equal to 40 %.
About the parameter d, the paper of Chong [5] showed that, there is a limit ratio around 0.1 (for F s = 25 %), under which viscosity does not decrease in a significant way. Typically, studies were generally realized with d equal to 0.2. Greenwood et al. [4, 13] studied the influence of the aspect number and parameter d. Their research about PMMA and PS lattices end in the same results which are minimal viscosity for F s = 25 % and 0.09 < d < 0.16.
These aspect number values are explainable because over this range of values, small particles can be inserted in the interstitial volume created by the large particles and thus occupy a maximum of volume while offering a minimum of contact surface. Moreover, small particles act as a lubricant under flow conditions and consequently, minimize the global viscosity of the suspension. By still reducing the size of the particles, it seems that the advantages in term of volume fraction and consequently, in term of viscosity are not significant. The critical parameter for which particles cannot penetrate the triangular pore is 0.154 [13] . If particles are too large to penetrate in the interstices or too fine or too numerous to fit in the interstitial volume, ratio d is not optimal.
Considering all these works, it is obvious that volume fraction F, small particles concentration F s and particles diameter ratio d are correlated one to each other. In the majority of cases, viscosity is decreased drastically if a bimodal system where F s is about 30 % and d about 0.2 is employed. Consequently, three parameters are of the utmost importance to reduce viscosity in an optimal manner: having the most spherical particles as possible, having a size ratio ranging between 0.1 and 0.2 and a concentration in small particles F s between 20% and 40%. We must notice that a bimodal population allows to increase the concentration of the suspension and in the meantime, allows to keep a low viscosity but a trimodal population does not permit to have a considerable reduction of viscosity compared to the bimodal system. Schneider's paper [14] also confirmed the fact that there is very little advantage in term of reduction of viscosity to use lattices with tri-modal distribution.
F m -modelling for multi-modal lattices
More recently, Pischvaei et al [3] developed a model making the prediction of the viscosity of bimodal lattices possible. This model is based on Ouchiyama and Tanaka's work [24] who proposed a model to estimate the porosity and therefore the packing parameter of a bed of randomly placed spherical particles in function of their size distribution. The development of this model requires to know the particles size distribution, their volume fraction and their packing parameter.
The model starts by the determination of coordination number and ends in an integral form of the packing parameter F m . The principle of this model is to assume that a central sphere of diameter D is in contact with a fixed number n of spheres having the average diameter D -.
According to this model, every hypothetical sphere of diameter (D + D -) in a given arrangement of particles encloses specified solid particle of diameter D in its core. In addition, each hypothetical sphere has to share in part the space in common with the other hypothetical spheres. The space commonly occupied is favourably restricted within the spherical shell having inner and outer diameters equal to (D~D -) and (D + D -) respectively.
In the case of a mixture composed of m monomodal distributions, expressions of the 
whereis n defined as the average number of n and f as number size distribution.
These equations are simplified expressions available if there are no macropores [24] and if we consider n independent of the size of the particles. The discrete and simplified version of the model gives satisfactory as for example: emulsions of two immiscible liquids [25] , glass beads in Newtonians liquids [9] and concerning polystyrene lattices [3] . The integral form of the model would be interested to be used in the case of multimodal and non monodisperse distributions. However, the model involves to know F m for each mono-modal fraction which is not obvious.
We have already underlined that the impact of PSD on the viscosity of standard lattices was studied almost exhaustively. As regard PVC plastisols in particular, few works [26, 27, 30] have been reported. Generally, these articles prove that PSD has an effect on viscosity. However, as far as we know, any model was proposed to predict the maximum packing parameter and the value of the viscosity associated. Most of the works devoted to PVC plastisols are generally very prospective since they deal with effect of the type of resins, the type of plasticisers on the rheological behaviour. Furthermore, these works [26] [27] [28] [29] [30] were mainly limited to experimental results and qualitative trends concerning ageing of plastisols for instance. The authors never introduced theory such as the concept of packing parameter. The aim of this paper is consequent-
138 Applied Rheology Volume 16 · Issue 3 ly to truly propose a model to predict viscosity as a function of extender resin rate in close relationship with experimental observations. One objective of the present work is to adapt the Krieger-Dougherty relationship to the complexity of PVC plastisols formulations and afterwards to develop a model able to predict the zero shear viscosity of a multimodal mixture of particles. For that purpose, we propose the following approach. In a first step, we will characterise resins as regards particle size and particle size distribution. Besides we will determine experimentally the F m of each resin. A second step will consist in using the model developed by Pishvaei et al. [3] to determine the F m of mixtures. Eventually, the zero shear viscosity will be predicted using the Krieger-Dougherty equation.
EXPERIMENTAL 2.1 RESINS
Two PVC resins were used in the present study: a micro-suspension resin named resin A and an extender resin named resin B. The plasticiser is the di-isononyl-phtalate(DINP) supplied by BASF. In order to characterise these PVC resins, both Scanning Electron Microscopy (SEM) observations and light diffraction measurements were used.
SEM with a tension of 120 kV was performed on PVC resins which were dispersed in distilled water (4% wt) to evaluate their size. Magnification are listed in the caption of the figures. Measures of size and size distribution were performed with a MALVERN Mastersizer 2000. This apparatus which is provided with a laser (l = 2.35 nm) makes possible to measure the size of objects going from 0.02 to 200 μm by using the technique of light diffraction.
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Analysis of results was carried out by using the Fraunhofer's model which fixes the absorption coefficient equal to zero. Resin is dispersed thanks to ultrasonic (4 %wt). Measures represent percentages in volume but can be expressed as a percentage in number. According to Figs. 1 -3, both techniques (SEM and light diffraction) give coherent results. We can thus conclude that the resin A is actually a bimodal one with two distributions centred at 2 and 15 μm. The extender resin B is monomodal centred at 30 μm. However, Figs. 1 and 2 show a quite broad distribution of these resins.
We have calculated that the resin A was made up by volume of 56.5 % of particles having a size around 15 μm and of 43.5 % of particles having a size around 2 μm. As distributions are broad, the problem is to choose a size which delimits the border between small and large particles. The result thus has a tolerance of ± 14%! Furthermore, we name small particles the particles having the average size of 2 μm (from resin A), medium particles the particles having an average size of 15 μm (from resin A) and large particles, the particles of average size of 30 μm (resin B). As a result F g the volume fraction in the largest particles is:
PREPARATION OF PLASTISOLS FORMULA-TIONS
Model plastisols (resin A+plasticiser or Resin B+plasticiser) were prepared as explained in the following. These plastisols will be named, in the next part, plastisol-A and plastisol-B respectively. The different solid volume fraction F result from the dilution of the same reference plastisol Figure 4 shows the variation of the viscosity versus shear rate for plastisols-A. We can notice that, until a concentration F equal to approximately 40 %, the rheological behaviour of the plastisol is Newtonian. For higher concentrations, a shear-thinning behaviour is observed. It should be pointed out that the mixing of plastisols having a concentration F higher than approximately 65 % is impossible because there is no more enough plasticiser to obtain a homogeneous paste. At high shear rate, we observe the beginning of a possible shear-thickening but this phenomenon is largely related to the geometry used [31] , that's why we cannot conclude that it is an intrinsic characteristic of the plastisol. Concerning plastisols-B, the behaviour of the plastisol is Newtonian (Fig. 5 ) up to a concentration F around 32 %. For higher concentrations, a shearthinning region is observed. We highlight that, contrary to plastisols-A , the Newtonian plateau at low shear rate extends over a broader shear rate range.
RESULTS AND DISCUSSION

GENERAL TRENDS
140 Applied Rheology Volume 16 · Issue 3 We report in Table 1 the correspondence between the volume fraction F and the quantity of DINP expressed as parts per hundred of resin (phr). The preparation of plastisol mixtures formulations (resin A+ resin B+ plasticiser) was carried out as for that of the model plastisols. These plastisols will be named plastisol-AB. All these plastisols will be analysed at time t = 15 days (this means 1 day after dilution) or at a higher time.
RHEOLOGICAL EXPERIMENTS
The rheological behaviour of these plastisols was studied on a constant stress rheometer RHEOMETICS SR5 equiped with a Couette's geometry. The characteristics of this module are: cup diameter = 30 mm, bob diameter = 28 mm and bob length = 40 mm
The protocol consists to put approximately 38.2 g of plastisol in the cup. The installation of the module in working position was carried out manually so that the liquid levels the surface of the cylinder. The reproducibility of flow curves, Nevertheless, the second Newtonian plateau is not visible and the shear-thinning behaviour less marked. It should be borne in mind that the preparation of proper plastisols having a F higher than 45 % is not possible. In order to determine the packing parameter F m and the intrinsic viscosity [h] 0 that verify the Krieger-Dougherty equation [Eq. 1], we adjust [h] 0 and F m so that the Krieger-Dougherty relationship fit experimental values as better as possible (Figs. 6, 7) . Fitting procedure was completed by a software using the Marquardt-Levenberg method.
Regarding plastisols-A, we find F m equals to 64 ± 1% and [h] 0 equals to 4.6. The values are coherent because F m for deformable spheres systems, typically body-centered cubic stacking, is 68.02 %. Besides, we remark that the preparation of a plastisol for F > F m is not possible which seems logical. However, as previously underlined in the experimental part, the resin A has a bimodal size distribution. Consequently, F m cannot be directly compared with cubic models.
The value of intrinsic viscosity [h] 0 is not verifiable so easily. The model of Einstein predicts 2.5 but with the assumption of non deformable and non interacting spheres which is not the case for plastisols. Schneider et al [14] find a value of 4.5 for acrylic lattices which lets think that our value is not aberrant.
For plastisols-B, we obtain a packing parameter of 44±1% and an intrinsic viscosity around 4. The packing parameter is lower than that of the resin A made up of smaller particles but above all composed of two populations. Normally, the packing parameter is the same for a mono-modal system, whatever is the size of the particles, assuming they are under hydrodynamic conditions. That means that particles behave as hard sphere system. However, in the present case, in addition to the fact of having a bi-modal population, the particles are soft deformable spheres. Furthermore, these particles are submitted to Van der Waals' forces which can explain the variation of f m depending on the type of PVC particles. Figure 8 shows the variation of the reduced viscosity versus the concentration F g of the largest particles for different total volume fractions. For low concentrations, typically lower than 30 %, viscosity is significantly lowered compared to the viscosity of the simple mixtures composed of an only one resin. However, the variation of the fraction in large particles F g does not have any impact on viscosity. For higher concentrations (30 % < F < 55 %), F g fraction plays a major role as shown in Fig. 8 . When F g increases, viscosity decreases until reaching a minimum then increases again. The minimum is observed for a value of F g in a region between 40 and 70 %. It is not exactly the expected result according to the bibliographical study. However, we must recall here, that our system is polydisperse. In addition, it can be pointed out that the lower F g , the more marked is the shear-thinning behaviour. A quasi Newtonian behaviour is on the other hand observed for a value of F g around 65 % (Fig. 9 ). This phenomenon was also observed by Saethre [26] for Brookfield and Haake viscosity.
Plastisols-AB
MODELLING h 0 AS A FUNCTION OF F g
Our main objective is to model the curve h 0 = f(F g ) in order to predict the ratio between extender resin B and micro-suspension resin A which will lead to a minimal viscosity. The first stage consists in knowing the packing parameter F m of each particle size population. As a result, we will determine the packing fraction F m of a multimode system using the approach developed by Pishvaei et al [3] according to Eqs. 3 -5. Following this, the zero shear viscosity can be predict using the Krieger-Dougherty equation.
Experimentally and according to Figs. 6 and 7, the packing fraction F m of the resin A and extender resin B can be measured ( Table 2) . Subsequently, we use these values to determine F m in plastisols-AB from the model derived by Pishvaei et al [3] applied to three populations system. First of all, we need to calculate the respective F m 141 Applied Rheology Volume 16 · Issue 3
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Figure 8 (left):
Rheological curve for plastisols-AB -F = 50%. Variation of the viscosity versus shear rate at room temperature for different F g . Figure 9 : Plastisols-AB: Variation of the reduced zero shear viscosity as a function of F g for different F. of medium (15 μm) and small (2 μm) size particles of resin A. From this point of view, we have developed an inverse calculation in order to calculate the packing fraction of medium and small particles of the resin A. The assumptions that we have applied to this calculation are the following:
i) The size of the particles is the value at the peak of the volume size distribution i.e. 2 μm for the small ones, 15 μm for the medium ones. ii) It is considered that the bimodal resin includes 56.5 % of medium particles and 43.5% of small ones. iii) We carried out the assumption 1 which consists in taking, as value of F m , for the particles of medium size, the value of F m evaluated in experiments for the large particles (resin extender B); that is to say F m(medium) = F m(large) = 44 % according to Fig. 7 . In a second way, we carried out the assumption 2 which consists in thinking that value of F m for the medium particles is equal to that of small ones; so F m(medium) = F m(small) .
With the assumption 1, one obtains F m(small) = 52.4 % and with the assumption 2, F m = 51.8 %. These two strategies lead to plausible and relatively close values. These two assumptions will be used to predict the packing fraction of the mixture of resins in plastisols-AB.
Determination of F m for plastisols-AB
We now apply the model derived by Pishvaei et al. [3] to predict the maximum packing fraction of plastisols-AB composed of three populations. The two options can then be considered: These two options lead to a rigourously same prediction of the packing term ( Fig. 10) . In both cases, F m of plastisols-AB is obtained for a percentage of approximately 95 % of large particles. According to the theory, the F m maximum should correspond with the minimum in viscosity. However, we experimentally observe a minimum of viscosity in the aera of 40 to 70 % in large particles.
From an experimental point of view, it is difficult to evaluate the F m of the mixtures because one cannot prepare quite homogeneous plastisols strongly concentrated (F > 55 %) and strongly charged in extender (F g > 77 %). Particularly, the product elutriates very quickly in Couette cylinder, which leads to an uncertainty of the measures, especially around critical F g , where a very small variation on F g has much impact on F m . Typically, the standard error is between ± 1 and ± 5. Consequently, we see that the tri-modal model slightly maximize the values of F m as shown in figure 9 . Eventually, even if there is a shift towards higher F g than in experiments, values of F m are quite relevant. However, any assumptions can be privilegied since they lead to the same results. 
Determination of the zero shear viscosity of plastisols-AB
Figure 11:
Modelling h 0 as a function of F g for a tri-modal system. (7) where [h] 0,resinB = 4 and [h] 0,resinA = 4.5. Table 3 summarizes the values of intrinsic viscosity evaluated owing to experimental results and calculated from Eq. 7. These values are very close, consequently we regard our evaluation of intrinsic viscosity as correct. Finally, figures 10 shows the prediction of the model considering tri-modal population. The values of viscosity are well evaluated for the diluted mixtures F<40% where the PSD distribution does not play a dominating role. The predictions are also correct for the concentrated mixtures as long as the value of F g remains lower than its optimal value (around 95 %) given by Pishvaei's model and which corresponds to a minimum of viscosity. However, the re-increase of viscosity is not well modelled: it takes place for too large F g and is carried out in a too abrupt way. The problem comes, as already underlined, from the fact that the tri-modal model predicts a maximum F m for a too high value of F g . The difficulty of the modelling of the packing term due to uncertainty on individual F m is thus not reflected on values of viscosity but on the ratio of extender which leads to the lowest viscosity for a concentration F. However the region of lowest viscosity can be predicted precisely enough all the more so as our system is poly-disperse .
CONCLUSIONS
We initially checked that the Krieger-Dougherty equation was applicable to PVC plastisols. From this equation and experimental results, we have then determined the packing parameter of two different PVC resins. The knowledge of the packing parameters and the size distributions of particles, allowed us to use the model of Pishvaei et al [3] to evaluate the packing fraction F m of polymodal mixtures.
From the knowledge of the packing term, we finally go up with the values of zero shear viscosity and thus confirm that beyond a critical concentration F > 30 % and for a ratio d ranging between 0.07 and 0.5, there is an optimal fraction in large particles F g between 40 and 70 % for which the viscosity is minimal. Results are compatible with those of the literature relating to lattices and prove that PVC are particular suspensions which obey nevertheless the general laws of dispersions.
This work also underlines that a relatively broad and polydisperse distribution can be modelled in first approximation by a system made up of N monodisperse systems centred around a well defined size. However, this work highlights the faults of the model of Pishvaei [3] since it requires the knowledge of parameters which are difficult to predict, in particular F m and intrinsic viscosity of the mono-modal populations.
